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CHAPTER 1:  GENERAL INTRODUCTION 
 
Biotin Biosynthesis in Plants 
Biotin, otherwise known as vitamin B8 or vitamin H, is a water-soluble cofactor 
necessary for all organismal survival.  Biotin covalently binds to its target protein to 
facilitate carboxylation, transcarboxylation, and decarboxylation reactions.  These 
enzymes are vital in the processes of fatty acid metabolism, gluconeogenesis, and 
amino acid metabolism.  Well-characterized biotinylated plant enzymes include 
heteromeric and homomeric acetyl-CoA carboxylase (ACCase), methylcrotonyl-CoA 
carboxylase (MCCase), propionyl-CoA carboxylase (PCCase) and geronyl-CoA 
carboxylase (GCCase) (Nikolau et al., 2003; Wurtele and Nikolau, 1990).  Although 
biotin is required for all organisms, only plants, most bacteria, and some fungi can 
synthesis biotin.  Humans must acquire the vitamin through diet.   
 Biotin was first isolated as a yeast growth factor (Wildiers, 1901), and 
consequent studies in the 1930’s indicated its necessity in higher organisms (Kögl 
and Tönnis, 1936).  Chemical synthesis of the vitamin became possible when the 
structure of biotin was determined in the early 1940’s (DuVigneaud, 1941).  The first 
studies of the genetic and biochemical aspects of the biotin biosynthetic pathway 
where conducted in microbes (Streit et al., 2003).  Both Bacillus sphaericus (B. 
spahericus) and Bacillus subtilis (B. subtilis) as well as Escherichia coli (E. coli) 
biotin biosynthetic genes have been extensively studied through insertional and 
chemical mutagenesis (Rolfe and Eisenburg, 1968), and most microbial biotin 
biosynthetic genes are organized in operons. The biochemical profile of the pathway 
2 
 
intermediates was also first identified in these organisms (Eisenberg et al., 1969; 
Guillerm et al., 1977; Pai et al., 1971; Stoner and Eisenberg, 1975).  Although the 
biotin biosynthetic pathway is extensively studied in microbes, many details of the 
pathway in plants remain unknown.  Treatment of a biotin over-expressing strain of 
lavender cells with radioactive pimelic acid indicated that the intermediates of the 
biotin pathway in plants are homologous to that in microbes with the exception of 
one, a compound with high similarity to 9-mercaptodethiobiotin (Baldet et al., 1993).  
Similarities between the bacterial and plant biotin biosynthetic intermediates has 
helped to characterize the compartmentalized, four reaction pathway in Arabidopsis 
(Figure 1). 
 The first biotin auxotroph isolated in plants was an Arabidopsis mutant whose 
arrested embryonic development was reversed upon addition of exogenous biotin 
(Schneider et al, 1989).  Further analyses of the Arabidopsis bio1 mutant showed 
decreased levels of endogenous biotin (Shellhammer et al., 1990), and that the E. 
coli bioA gene could genetically complement the mutant phenotype (Patton et al., 
1996a).  These complementation studies further indicated the homology of the 
candidate Arabidopsis BIO1 gene with the E. coli bioA gene, which encodes 7,8 
diaminopelargonic (DAPA) acid aminotransferase that catalyzes the conversion of 7-
keto, 8-aminopelargonic acid (KAPA) to DAPA.  
 The Arabidopsis bio2 mutant was the second plant biotin auxotroph 
discovered.  The mutant also displayed arrested embryonic development, and the 
phenotype could be rescued with the addition of biotin, but not the upstream 
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substrates of DAPA or dethiobiotin (Patton et al., 1998).  Evidence prior to this study 
characterized the cDNA encoding a functional Arabidopsis BIO2 protein (Weaver et 
al., 1996; Patton et al., 1996b).  Later studies indicated that the BIO2 protein was 
localized in the mitochondria (Picciocchi et al., 2001) and that mitochondrial 
targeting is necessary for functionality (Arnal et al., 2006).  Genetic complementation 
of the Arabidopsis bio2 mutant with the E.coli bioB gene encoding biotin synthase 
indicated the function of this protein in plants (Baldet et al., 1996).  The BIO2 gene 
encodes a biotin synthase that catalyzes the conversion of dethiobiotin to biotin, and 
it occurs as the last reaction in the four-step enzymatic process.  This enzyme 
mechanism has been the most extensively studied of all the Arabidopsis enzymes 
(Picciocchi et al., 2001; Picciocchi et al., 2003).    
 The AtBioF (BIO4) gene catalyzes the first committed reaction in biotin 
biosynthesis in Arabidopsis  (Pinon et al., 2005).  A predicted cDNA construct 
encoding a putative AtBioF protein was shown to functionally complement the E.coli 
bioF- mutant.  The localization of the Arabidopsis BioF protein was also determined; 
green fluorescent protein (GFP) tagged AtBioF protein accumulated in the cell 
cytosol (Pinon et al., 2005).  These data indicate that the biotin biosynthetic pathway 
is partitioned between the cell cytosol and mitochondria.  The initial condensation of 
pimeloyl Co-A with L-alanine is catalyzed by KAPA synthase.  This reaction occurs 
in the cytosol, while the final biotin synthase reaction encoded by the BIO2 gene 
occurs in the mitochondrion.   
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 Recent evidence has helped divulge the characteristics of the intermediary 
reactions encoded by the Arabidopsis BIO1 and BIO3 genes.  Little is known about 
the Arabidopsis BIO3 gene, although insertional and chemical mutations of the BIO3 
locus result in mutants with arrested embryonic development.  The bio3 mutant 
phenotype can be rescued with exogenous dethiobiotin and biotin, but not DAPA 
(Muralla et al., 2008).  A novel bifunctional locus (BIO3/BIO1) is capable of encoding 
both the second and third pathway enzymes of DAPA aminotransferase and 
dethiobiotin synthetase, respectively (Muralla et al., 2008).  The predicted BIO3 
gene (At5g57600, TAIR) is located immediately upstream of the BIO1 (At5g57590, 
TAIR) locus, in a pattern that resembles a bacterial operon.  Two alternative 
transcripts can result from this locus:  one transcript includes 10 nucleotides from 
intron four of the locus and is denoted as BIO3/BIO1 (+10). The +10 transcript 
encodes a premature stop codon, thus producing a predicted 44.5 kD protein with 
functional activity of only BIO3, or dethiobiotin synthetase (Chen et al., 2006).  The 
second known transcript produced at this locus lacks the 10 additional nucleotides, 
and is thus denoted as BIO3/BIO1 (-10). This transcript lacks the premature stop 
codon and thus produces a 91.9 kD bifunctional enzyme with catalytic activity of 
both DAPA aminotransferase and dethiobiotin (Muralla et al., 2008).   
 Many details of the plant biotin biosynthetic pathway remain uncharacterized.  
This project provides a framework for further studying the Arabidopsis enzymes. 
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Project Rationale and Significance 
An initial hypothesis concerning the transcription behavior at the BIO3/BIO1 locus 
led to attempts to find a monofunctional BIO1 transcript with catalytic activity of only 
DAPA aminotransferase.  Rapid amplification of 3’ and 5’ complementary cDNA 
ends (RACE) experiments were conducted to search for processed mRNAs that 
included a 5’ cap and poly A tail.  In an effort to identify a gene sequence that 
encodes only a protein with sole catalytic activity of DAPA aminotransferase, four 
constructs encoding putative start sites in the TAIR annotated BIO1 gene were 
cloned and used to complement the E.coli bioA- mutant.   
 In addition to further characterizing the proteins produced from this 
bifunctional locus, the metabolic control that each Arabidopsis protein had on biotin 
concentration was measured.  Metabolic control analysis is an assessment of the 
effect that a component of a pathway has on overall flux or compound concentration 
in a metabolic pathway (Fell, 1992).  Experimentally, the metabolic control of the 
Arabidopsis biotin biosynthetic pathway was examined by overexpressing the 
Arabidopsis genes heterologously in E.coli.  This is a competent system to use, as 
components of the E.coli biotin biosynthetic pathway can facilitate functional 
expression of transformed plant genes (Baldet and Ruffet, 1996).  Biotin 
biosynthesis in E.coli is highly regulated (Cronan et al., 1988).  The chief component 
of biotin regulation is due to the BirA encoding a bifunctional holoenzyme synthetase 
(Barker and Campbell, 1981a).  The holocarboxylase synthetase acts as biotin 
ligase and facilitates the transfer of biotin to the apo biotin carboxyl carrier protein 
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(apoBCCP).  When apoBCCP is not plentiful in the cell and biotin is in excess, the 
biotinylated form of the BirA protein binds to the biotin operon and represses 
transcription of the E.coli biotin biosynthetic genes (Eisenberg et al., 1982).  In order 
to eliminate the repression of the E.coli biotin biosynthetic genes, the biotin carboxyl 
carrier protein (BCCP) of Arabidopsis heteromeric ACCase (Ke et al., 1997) 
encoded by the CAC1B gene was expressed in concert with the Arabidopsis plant 
biotin biosynthetic proteins.  The BCCP subunit of ACCase can be biotinylated in 
vivo (Choi et al., 1995), and co-expression of this protein with the Arabidopsis 
enzymes would provide a quantifiable biotinylation sink via Streptavidin 
immunodetection. By comparing the relative expression of the plant pathway 
enzymes to the resultant biotinylation of the BCCP protein, the metabolic control of 
each enzyme becomes clear.     
Thesis Organization 
This thesis is organized into three chapters.  Chapter 1 is a general introduction of 
biotin biosynthesis in plants.  Chapter 2 is the early workings of a manuscript to be 
submitted to a currently undetermined journal for review.  The final section, Chapter 
3, provides general conclusions regarding the research of the biotin biosynthetic 
network in plants.   
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CHAPTER 2:  BIOTIN BIOSYNTHETIC ENZYMES AND THE METABOLIC 
CONTROL OF BIOTIN BIOSYNTHESIS  
Jennifer A. Gray and Basil J. Nikolau 
ABSTRACT 
Biotin is a vital cofactor for many enzymes that facilitate carboxylation, 
decarboxylation, and transcarboxylation reactions.  The biotin biosynthetic network 
has been well characterized in many microorganisms including E.coli (Eisenberg, 
1973), but only recently have the genetic and biochemical components of the 
Arabidopsis biotin biosynthetic enzymes been discovered.  Previous studies (Muralla 
et al. 2008) describe a chimeric gene locus (BIO3/BIO1) in Arabidopsis that can 
produce a transcript (BIO3/BIO1 (-10)) encoding dual catalytic activities, that of 
DAPA aminotransferase and dethiobiotin synthetase.  Moreover, this locus could 
also produce a transcript (BIO3/BIO1 (+10)) that encodes only the penultimate 
reaction of the pathway, that of dethiobiotin synthetase.  This study details the 
approach taken to identify and further isolate a putative BIO1 protein in Arabidopsis.  
In addition, the metabolic control that the AtBioF (BIO4), BIO2, bifunctional 
BIO3/BIO1 (-10), BIO3/BIO1 (+10) and the putative BIO1 proteins have on biotin 
yield was experimentally assessed.  Observations support the hypothesis that DAPA 
aminotransferase activity is encoded by the bifunctional BIO3/BIO1 locus, and that 
the reaction is not catalyzed by a monofunctional BIO1 protein.  Further analysis 
must be undertaken to divulge the details of the metabolic control on biotin 
production.  
13 
 
INTRODUCTION 
Biotin, or vitamin H, is a necessary cofactor for enzymes that facilitate carboxylation, 
transcarboxylation, and decarboxylation reactions; many of these enzymes are 
involved in cellular processes such as fatty acid metabolism, amino acid 
degradation, and gluconeogenesis.  All organisms need biotin for survival, but only 
plants, bacteria, and fungi are able to synthesize biotin de novo.  Biotin biosynthesis 
in Arabidopsis is a compartmentalized, four reaction enzymatic process that begins 
in the cell cytosol with 7-keto, 8-aminopelargonic acid (KAPA) synthase catalyzing 
the condensation of pimeloyl-CoA with L-alanine (Pinon et al, 2005).  The final 
reaction ends with biotin synthase catalyzing the conversion of dethiobiotin to biotin 
(Patton et al., 1998).  The intermediary reactions of diaminopelargonic acid (DAPA) 
aminotransferase and dethiobiotin synthetase (Figure 1) are encoded by a 
bifunctional BIO3/BIO1 (-10) transcript that encodes a 91.9 kD protein.  The 
penultimate dethiobiotin synthetase may also be encoded by a BIO3/BIO1 (+10) 
transcript whose sequence harbors a premature stop codon and thus encodes a 
44.5 kD protein with functional activity of only dethiobiotin synthetase (Muralla et al., 
1998).  The alternative transcripts (+10 and -10) from the chimeric BIO3/BIO1 gene 
locus (At5g57600 and At5g57590) (TAIR) could be isolated from Arabidopsis 
tissues.  However, only the monofunctional BIO3 protein could be translated from 
this locus (Chen et al, 2006).  These observations led to the search for a transcript 
that encodes only DAPA aminotransferase activity, or a monofunctional BIO1 
protein.  In an effort to identify additional transcripts produced at the BIO3/BIO1 
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locus, rapid amplification of 5’ and 3’ complementary cDNA ends (RACE) 
procedures were undertaken.  Putative single BIO1 proteins were also created 
based on sequence comparison to the homologous E. coli BioA protein.  
Additionally, the metabolic control that each Arabidopsis enzyme exerted on biotin 
concentration was quantified.  We chose to use E.coli as the expression host for 
these metabolic analysis studies.  Arabidopsis biotin biosynthetic enzymes are 
homologous to the E.coli enzymes (Pinon et al., 1993), and functionality of the 
Arabidopsis enzymes is facilitated in this heterologous system (Baldet and Ruffet, 
1996).  However, it is known that biotin production is highly regulated in E.coli 
(Cronan, 1988).  In an effort to bypass repression of biotin biosynthetic genes, the 
Arabidopsis CAC1B gene encoding the biotin carboxyl carrier protein (BCCP) of 
heteromeric Acetyl Co-A carboxylase (ACCase) (Choi et al., 1995) was expressed 
concurrently with the individual Arabidopsis biotin biosynthetic enzymes.  This 
protein subunit was utilized as a biotin sink such that the degree of biotinylation due 
to overexpression of the Arabidopsis enzymes could be quantified.  The magnitude 
of biotinylation due to the accumulation of an Arabidopsis BIO enzyme could then 
indicate the metabolic control that each enzyme has on biotin production in the cell 
(Fell, 2004).  However, for various reasons, these data were not sufficient to test the 
metabolic control hypotheses.  Further research will provide clues to the metabolic 
control of the Arabidopsis biotin biosynthetic enzymes, while particularly focusing on 
the bifunctional BIO3/BIO1 that might confer unique enzymatic properties. 
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RESULTS  
Rapid Amplification of 5’ and 3’ Complementary cDNA Ends (RACE) Analysis 
of the BIO3/BIO1 Bifunctional locus 
 
 
RACE experiments were conducted to identify fully processed mRNA produced from 
the BIO3/BIO1 bifunctional locus.  RNA was extracted (Qiagen) from 37-day wild-
type (WT) Arabidopsis flowers and subsequent cDNA was prepared and used for 
PCR analysis (Invitrogen).  Primers were selective for the annotated BIO3/BIO1 (-
10) and BIO3/BIO1(+10) transcripts (At5g57600, TAIR) as well as for potential 
variations of monofunctional BIO3 and BIO1 transcripts (Figure 2).  RACE 
procedures provide an advantage over traditional reverse-transcriptase (RT) PCR 
methods, as the primers used were selective for fully processed mRNA produced 
from this bifunctional locus, or those transcripts with a 5’ cap and poly-A tail.  PCR 
with 5’ forward (FW) and C reverse (RV) primers amplified both BIO3/BIO1 (-10) and 
(+10) fully processed transcripts.  Subsequent DNA sequencing characterized a 108 
base pair (bp) 5’ UTR that was identical for both transcripts.  This UTR sequence 
matched the annotated At5g575900 and At5g57600 loci (TAIR).  RACE experiments 
conducted with Q FW and 3’ RV primers (Figure 2) indicated a 3’ UTR of 138 bp 
including the poly A tail.  Interestingly, a 3’ UTR with four additional nucleotides was 
amplified using D FW and 3’ RV primers (Figure 2).  Due to the downstream position 
of this FW primer, however, the upstream identity of this transcript is not known.  
Primers were also designed such that they could detect transcripts that encode sole 
BIO3 or BIO1 functionalities (Figure 2c,d).  Notably, PCR products of these 
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sequences were not identified.  Primer combinations of 5’ FW and C RV did not 
indicate a gene product with predicted length of a single BIO1 transcript (see Figure 
2), nor was a product isolated with a 5’ FW and B RV primer that was different from 
the predicted BIO3/BIO1 (-10) or (+10) transcripts.  The same observation was 
made from PCR products amplified with G FW and 3’ RV primers.  Taken together, 
these RACE experiments provide further evidence for the production of the 
BIO3/BIO1 (-10) bifunctional protein in Arabidopsis as well as for the BIO3/BIO1 
(+10) protein with activity of only dethiobiotin synthase.  These data also suggest 
that a monofunctional BIO1 protein with catalytic activity of DAPA aminotransferase 
is not present in Arabidopsis, as these experiments did not evidence such a 
transcript.   
Putative Arabidopsis BIO1 Constructs were Cloned and Expressed 
In an effort to further characterize the transcripts and proteins resulting from the 
Arabidopsis BIO3/BIO1 locus, four open reading frames (ORF’s) with potential 
activity of only DAPA aminotransferase (encoded by BIO1) were cloned and 
expressed heterologously in E.coli.  For this purpose, the BIO3/BIO1 (-10) amino 
acid sequence was aligned to E. coli BioA sequence as well as Yersinia pestis BioA, 
Wigglesworthia glossinidia, and Rhodospirillum rubrum BioA (San Diego 
Supercomputer (SDSC) Biology Workbench BLASTP and CLUSTALW software).  
There were no conserved methionines between the BIO3/BIO1 translated sequence 
and other known or predicted homologous BioA proteins.  With this consideration, 
four methionines that were nearest the E. coli BioA protein start site were chosen 
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toward the C-terminal end of the full-length BIO3/BIO1 protein (Figure 3).  Predicted 
protein lengths are identified in Table 1.  All BIO1 FW putative protein sequences 
share 40% similarity and 26% identity (BL2SEQ, SDSC Biology Workbench) with E. 
coli BioA (GenBank accession: AAA23514).  The BIO1 FW1 sequence also matched 
the RT-PCR predicted start site of the single BIO1 ORF previously proposed 
(Muralla et al., 2008).  All four BIO1 sequences were cloned into pDEST17 vector 
(Invitrogen) and sequenced to affirm correct gene orientation.  Constructs (Table 2) 
were used for subsequent complementation and expression studies. 
Functional Complementation of E. coli bioA- Mutant with Putative 
Monofunctional BIO1 Constructs 
 
 
E. coli bioA- mutant strains bioA- BIO1 FW1, bioA- BIO1 FW2, bioA- BIO1 FW3, bioA- 
BIO1 FW4 (Table 2), were cultured in Luria-Bertani (LB) medium containing 100 
!g/ml ampicillan and 50 !g/ml kanamycin and were grown to an OD600 of 0.6 at 
37°C.  Cells were streaked on solid M9 minimal medium (Sambrook et al., 1989) 
containing 0.5 !g/ml avidin and 0.01 mM isopropyl-beta-D-thiogalactopyranoside 
(IPTG) to bind excess biotin and induce gene expression, respectively.  Cells were 
allowed to grow at 30°C for three days.  The complementation results indicate that 
the bifunctional BIO3/BIO1 (-10) construct could functionally complement the E. coli 
bioA- mutant (Figure 4A), as it has previously been demonstrated to encode DAPA 
aminotransferase activity (Chen et al., 2006).  However, the putative monofunctional 
BIO1 proteins:  BIO1 FW1, BIO1 FW2, BIO1 FW3, and BIO1 FW4 could not 
complement the bioA- mutant phenotype (Figure 4B-E).  The bioA- mutant 
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transformed with empty pDEST17 vector was also not rescued (Figure 4F).  Minimal 
growth is noticed in the bioA- BIO1 FW1 and bioA- BIO1 FW2 strains.  It is not clear 
whether this observation is an artifact of greater cell density or an illustration of 
partial complementation.   
Functional Complementation of E. coli bioD-, bioA-, bioF-, and bioB- Mutants 
To ensure the functionality of each Arabidopsis BIO gene that was used to affect 
biotin biosynthesis in E. coli, each cloned construct was transformed and expressed 
in the homologous E. coli auxotrophic mutant. The E. coli mutants used in these 
studies were gene disruption alleles obtained from the Keio collection (Baba et al., 
2006) and were the bioD- mutant, strain ID:  JW0761, lacking dethiobiotin synthetase 
activity, the bioA- mutant, strain ID:  JW0757, lacking DAPA aminotransferase 
activity, the biob- mutant, strain ID: JW0758 deficient in biotin synthase activity, and 
the bioF- mutant, strain ID: JW0759, absent in KAPA synthase activity.  In each 
strain the targeted gene was disrupted by insertion of a kanamycin-resistance 
marker.  The mutants were deficient in the T7 RNA polymerase gene, and thus all 
four mutants were lysogenized with the !(DE3) gene before transformation 
(Novagen).  The mutants could not grow on M9 minimal medium supplemented with 
0.5 !g/ml avidin.  Thus, mutants were propagated on LB medium, which contains 
biotin, before complementation was exhibited.  The mutants were transformed with 
empty pDEST17 vector as a negative control, and as a positive control we used the 
wild type (WT) strain ID:  BW25113.  The Arabidopsis BIO4 clone could complement 
the bioF- mutant phenotype when grown on M9 medium containing 0.5 !g/ml avidin 
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and 0.01mM IPTG for two weeks at 30 °C (Figure 5C). The WT E. coli with the 
empty pDEST17 vector grew successfully on medium lacking biotin whereas the 
bioF- mutant harboring empty pDEST17 vector could not.  The BIO3/BIO1 (-10) and 
BIO3/BIO1 (+10) constructs were both able to complement the E. coli bioD- mutant 
(Figure 6 A3,B3) whereas the mutant transformed with empty pDEST17 vector did 
not (Figure 6 A2,B2).  Only the bifunctional BIO3/BIO1 (-10) could complement the 
bioA- mutant, whereas the monofunctional BIO3/BIO1 (+10) protein could not. In a 
similar fashion, the Arabidopsis BIO2 clone could complement the bioB- mutant 
(Figure 7B) as has been previously shown in the literature (Weaver et al., 1996).  
These transformations were not used quantitatively as a marker for degree of 
complementation, rather an indication of functionality in the biotin biosynthetic 
pathway for future experiments.  
The Annotated Arabidopsis BIO Genes were Cloned and Expressed in E. coli 
The four annotated Arabidopsis biotin biosynthesis genes (BIO4, BIO3/BIO1 (+10), 
BIO3/BIO1 (-10), and BIO2) were cloned into the pDEST17 vector containing an N-
terminal 6x poly-Histidine (His) tag and ampicillin resistance (Invitrogen Gateway 
technology) (Table 2).  Both Arabidopsis BIO4 (At5g04620, TAIR) encoding KAPA 
synthase and Arabidopsis BIO2 encoding biotin synthase (At2g43360, TAIR) were 
received from the Arabidopsis Biological Resource Center (ABRC) with clone ID:  
U82556 and U85335, respectively.  The BIO3/BIO1 (-10) encoding dual activity of 
DAPA aminotransferase and dethiobiotin synthetase, and the BIO3/BIO1 (+10) 
construct encoding only dethiobiotin synthetase were received from previous 
experiments (Chen et al., 2006).  In addition to the Arabidopsis biotin biosynthetic 
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genes, the CAC1B (At5g15530, TAIR) in pCDFDuet vector encoding the Acetyl Co-
A carboxylase (ACCase) biotin carboxyl carrier protein (BCCP2) subunit was 
received such that it could be used as a quantifiable biotin sink in future 
experiments.  The pCDFDuet vector harbors streptomycin resistance and an N-
terminus 6x poly-His tag.  Each BIO construct was used for genetic 
complementation experiments.  In addition, BL21-C41 overexpressing E. coli cells 
(Lucigen) were transformed with the annotated and the predicted Arabidopsis BIO 
constructs concurrently with the CAC1B/pCDFDuet vector.  Protein was expressed 
by growing cells at 30°C with 1mM IPTG final concentration in liquid LB medium 
containing 100 !g/ml ampicillan and 50 !g/ml streptomycin.  
Western Blot Analysis of BIO and CAC1B Gene Expression 
 Western blot analyses indicate that all four annotated Arabidopsis BIO genes as 
well as the four putative BIO1 genes could be expressed concurrently with the 
ACCase CAC1B gene in BL21-C41 E. coli.  Protein extracts were subjected to SDS-
PAGE (BioRad) and subsequently immunodetected with antibodies directed against 
the His-tag, which was the common epitope incorporated into all recombinant 
proteins.  Expected protein sizes for the Arabidopsis BIO2 is 41.7 kD, BIO4 
expected protein size is 37.3 kD, BIO3/BIO1 (-10) has been demonstrated to migrate 
at 91.9 kD, BIO3/BIO1 (+10) migrates at 44.5 kD, BIO1 FW1 was predicted to 
migrate at 56.9 kD, BIO1 FW2:  55.3 kD, BIO1 FW3:  47.1 kD, and BIO1 FW4: 45.9 
kD (The Sequence Manipulation Suite, Translate function).  The CAC1B-encoded 
ACCase BCCP was predicted and shown to migrate at 25 kD.  All proteins had the 
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addition of 2.6 kD for the N-terminal His-tag.  Each Arabidopsis biotin biosynthetic 
protein could be successfully expressed concurrently with the CAC1B-encoded 
BCCP (Figure 8 A,B) and was immunodetected with anti-His antibody.  With the 
exception of BIO3/BIO1 (-10) and BIO3/BIO1 (+10), all proteins were detected with a 
radiographic film exposure of 30 sec.  Lower expression levels of these proteins lead 
to detection at 25 min to 50 min only (Figure 8B).  Empty pDEST17 vector was also 
transformed and expressed with the CAC1B construct as a measure of biotinylation 
occurring from the endogenous E. coli biotin biosynthetic proteins.  Following 
detection of the His-tag, western blot membranes were stripped and re-blotted using 
Streptavidin-HRP.  Streptavidin binds with high affinity to biotin (Weber, 1989), and 
thus is a reliable indicator of biotin concentrations in the cell. Using the same 
membranes for both immunodetections minimized variance in protein concentration 
and correlating chemilluminescent signal.  The CAC1B protein that was quantified as 
the marker for biotinylation is shown at 25 kD (Figure 9).  The two additional bands 
in the Streptavidin immunodetection are the proteolytic BCCP products of 
endogenous E. coli ACCase (Fall et al., 1971).  Proteins were detected at 2 hours, 8 
hours, and 20 hours post induction.  The band intensity detected by anti-His 
antibody was quantified, as was the magnitude of CAC1B biotinylation when 
expressed concurrently with the Arabidopsis biotin biosynthetic proteins.  These data 
indicate that the Arabidopsis biotin biosynthetic proteins can be expressed 
simultaneously with the CAC1B protein, and that protein expression levels as well as 
degree of biotinylation can be assessed using this method.  
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Arabidopsis Protein Accumulation and Subsequent Biotinylation were 
Quantified  
A standard curve was made of protein sample serially diluted at 1x, 2x, 5x, 10x, 20x, 
and 50x.  The BIO2-CAC1B sample was arbitrarily chosen for this purpose and was 
subjected to SDS-PAGE and anti-His-tag and Streptavidin immunodetection.  
Radiographic film was exposed to the ECL chemilluminescent signal, and signal 
strength was sampled at 30 sec, 1min, 5min, 10min, 25min, and 50 min post-
application.  Film was then photographically imaged (Fotodyne Incorporated), and 
band intensity for each exposure time was quantified using TotalLab100 software 
("Nonlinear Dynamics Ltd).  Quantified band intensity was plotted in relation to 
dilution factor for each time exposure.  These standard curve data indicated the 
range in which the chemilluminescent signal responded proportionally to the protein 
sample concentration (as depicted by linear increase in band intensity compared to 
protein concentration).  Subsequent protein sample intensities were then only used 
as a reliable indicator of protein concentration if the values fell within the intensity 
range recorded from the standard dilution series.  A standard curve of band intensity 
was created for each time exposure.  The level of BIO2 protein accumulation was 
identified with His immunodetection, and the intensity of the CAC1B biotinylation 
from Streptavidin immunodetection was quantified.  Duplicate samples of induced 
BIO genes and CAC1B were individually quantified (ND-100 Spectrophotometer, 
version 3.1.10).  Band intensities for each protein sample immunodetected with anti-
His antibody were adjusted based on the volume loaded into each SDS-PAGE well, 
the dilution factor of the sample, and the time of film exposure.  Relative protein 
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expression as indicated via Western Blotting was then normalized according to the 
quantified protein concentration (Table 3).  In a similar fashion, sample biotinylation 
as indicated by Streptavidin-HRP detection was quantified relative to wild type E. coli 
cells transformed with empty pDEST17 vector and CAC1B.  The sample intensity 
was normalized relative to its concentration and was divided by the concentration of 
empty pDEST17 vector and CAC1B expression that was normalized per its 
concentration (Table 3).  Biotinylation of the CAC1B protein as a result of 
Arabidopsis BIO enzyme over-expression was plotted and examined for trends 
(Figures 10-15).   
Metabolic Control Analysis of Arabidopsis Biotin Biosynthetic Proteins 
The hypothesis driving this analysis is that expression of individual Arabidopsis BIO 
enzymes should enhance biotin biosynthesis, and this should increase the 
availability of biotin for biotinylation of the CAC1B protein.  The degree of increased 
CAC1B biotinylation with the addition of each Arabidopsis BIO gene should therefore 
reveal the magnitude of metabolic control that each biotin biosynthesis reaction has 
on the production of biotin.  With that said, the data were not sufficiently consistent 
to formulate a rigorous test of the hypothesis (Figures 10-15).  For example, the 
expression of the Arabidopsis BIO4 protein leads to increased biotin production up 
to 2 hours post-induction, but no correlation in biotin concentration relative to 
Arabidopsis KAPA synthase production is found in additional samples collected at 
later induction times (Figure 10).  The most obvious explanation for this observation 
is that a larger data set must be analyzed before the correlation of biotin 
24 
 
concentration as a product of Arabidopsis enzyme expression can be made.  It may 
also be possible that the CAC1B encoded biotinylation supply may be exhausted as 
the cell continues to grow, and although the Arabidopsis enzyme concentration 
continues to increase, the concentration of the BCCP sink is not sufficient for excess 
biotin to bind.  In order to address this issue, induction samples could be taken at 
more periodic time points immediately post-induction up to 2 hours.  Additionally, the 
concentration of available CAC1B protein could be assessed by applying protein 
extracts to a Streptavidin column and quantifying non-bound or available BCCP.  
Another explanation that could make sense of the sporadic data is that the BIO4 is 
not a rate-limiting enzyme.  However, this is not likely the case, as KAPA synthase is 
believed to catalyze the first committed reaction in the biotin biosynthetic pathway 
(Pinon et al., 2005).  Enzymes catalyzing the initial reaction of biosynthetic pathways 
often demonstrate regulatory patterns.  If the enzyme was rate limiting and had a 
high metabolic control, then biotin concentration would directly increase or decrease 
as the concentration of enzyme changes.  Alternatively, the increase of an enzyme 
concentration would have little effect on biotin concentration if the enzyme had low 
metabolic control.   
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DISCUSSION 
We report an investigation of the biotin biosynthetic network in Arabidopsis.  Little is 
known about the majority of Arabidopsis enzymes save for the BIO2-encoded biotin 
synthase.  Extensive studies have characterized the biochemical properties and 
localization of this enzyme (Arnal et al., 2006, Picciocchi et al., 2003).  The 
intermediary reactions catalyzed by DAPA aminotransferase and dethiobiotin 
synthetase remain largely uncharacterized in plants.   
 Recent studies describe a bifunctional protein BIO3/BIO1 (-10) that has 
catalytic activity of both DAPA aminotransferase and dethiobiotin synthetase 
(Muralla et al., 2008).  A bifunctional BIO3/BIO1 genomic locus encodes the 
chimeric transcript, and it also encodes an alternative transcript BIO3/BIO1 (+10).  
Through alternative splicing, the BIO3/BIO1 (+10) transcript contains 10 additional 
nucleotides and thus a premature stop codon.  This BIO3/BIO1 (+10) transcript 
encodes a protein (BIO3) with biological activity of only dethiobiotin synthetase 
(Chen et al., 2006).  These studies lead to the hypothesis that a transcript encoding 
only DAPA aminotransferase, or a monfunctional BIO1 protein, must also exist.  
RACE experiments were done to identify whether additional transcripts were 
produced at this locus.  There was no evidence to suggest the presence of a 
monofunctional BIO1 transcript produced at this locus.  To further test this 
hypothesis, four putative monofunctional BIO1 sequences were used for genetic 
complementations of the E. coli bioA- mutant.  The bifunctional BIO3/BIO1 (-10) 
could complement the bioA- mutant lacking DAPA aminotransferase activity, but 
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none of the putative monofunctional BIO1 proteins could rescue the auxotrophic 
phenotype.  BIO1 FW1 and BIO1 FW2 complementations might suggest partial 
complementation, although further experimentation is necessary.  The ambiguous 
presence or absence of a single BIO1 protein produced at this locus still leaves open 
possibilities for the localization and function of the Arabidopsis biotin biosynthetic 
enzymes.  The BIO4-encoded KAPA synthase is localized in the plant cell cytosol 
(Pinon et al., 2005), and the final reaction catalyzed by the BIO2-encoded 
dethiobiotin synthetase occurs in the mitochondrion (Picciocchi et al., 2001).  The 
BIO3/BIO1 (-10) protein has a mitochondrial-predicted targeting sequence (Muralla 
et al., 2008), meaning that if both DAPA aminotransferase and dethiobiotin 
synthetase activity were coming from the same bifunctional protein, KAPA from the 
initial BIO4-encoded reaction must somehow be transported into the mitochondria.  
However, it might also be possible for a single BIO1 protein to be produced at the 
bifunctional locus, and it would likely exist in the cytosol due to a lack of a conserved 
targeting sequence.  A single BIO1 protein in the cytosol would produce DAPA that 
must be transported into the mitochondria.  To date, no KAPA or DAPA transporter 
has been identified in Arabidopsis.  However, a protein with homology to the 
Saccharomyces cerevisiae BIO5 protein encoding a plasma membrane-localized 
KAPA transporter (Phalip et al., 1999) has been identified (Showman et al., 
unpublished data).  Further indication of a KAPA transporter in Arabidopsis might 
lend clues as to the partitioning of the intermediary biotin biosynthetic reactions and 
the presence of a monofunctional BIO1 and BIO3 protein in addition to the 
bifunctional BIO3/BIO1.  
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 The second component of this study aimed to understand the metabolic 
control that each enzyme of the Arabidopsis biotin biosynthetic pathway has on 
biotin yield.  The metabolic control of a system can be examined by applying a 
perturbation to the network and examining the affect it has on other pathway 
constituents.  In this study, the change in Arabidopsis enzyme concentration over 
time was the perturbation to the pathway that would affect biotin concentration.  For 
reasons such as insufficient sample size or depletion of biotin sink, a correlative 
trend between Arabidopsis enzyme accumulation and corresponding protein 
concentration was not found.  Analysis of biotin concentration more immediately 
post-induction, collecting a larger data set, and ensuring that the biotin sink is 
abundant in the cell might produce a better picture of enzyme metabolic control.  
The degree of metabolic control that the Arabidopsis enzymes have on biotin 
concentration might also lend clues to the types of proteins produced from the 
BIO3/BIO1 locus and shed light on the enzymatic properties of the bifunctional 
BIO3/BIO1. The bifunctional enzyme responsible for the catalysis of KAPA to 
dethiobiotin might facilitate these reactions in one of two ways.  First, the active sites 
may not be close in proximity (Mouillon et al., 2002), and thus the intermediary 
DAPA diffuses into the cellular medium before it reaches the second active site of 
the protein. This mechanism would likely not facilitate a catalytic advantage over two 
separate enzymes performing the same function.  Alternatively, the bifunctional 
BIO3/BIO1 may exhibit substrate channeling in which the intermediary DAPA 
metabolite remains at the surface of the protein via electrostatic interactions 
(Knighton et al., 1994), and in this sense DAPA substrate would be available as 
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readily as KAPA.  If the bifunctional BIO3/BIO1 protein exhibited substrate 
channeling, then one could assume this has a catalytic advantage over potential 
monofunctional BIO3 or BIO1 proteins.  Reliable metabolic control analysis can help 
determine any catalytic advantage that the bifunctional protein has over the single 
BIO3 or putative BIO1 protein.   
 Finally, efforts have been taken to produce and purify the bifunctional 
BIO3/BIO1 protein for structural analysis.  The enzyme has been purified but must 
be concentrated for further structural or enzymatic studies.  Location of protein 
active sites may help identify the mechanism of this bifunctional protein and what 
role it might be playing in the biotin biosynthetic network in Arabidopsis.  As an 
applied practice, characterizing the enzymatic control that each Arabidopsis protein 
has on biotin concentration might prove useful for over-producing biotin for industrial 
purposes.     
 
 
 
 
 
 
!
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MATERIALS AND METHODS 
Rapid Amplification of 5’ and 3’ Complementary cDNA Ends (RACE) 
Analysis 
 
RNA was extracted from 37-day Columbia wild-type Arabidopsis flowers using 
RNeasy kit protocol (QIAgen, Valencia, CA), and cDNA was prepared according to 
RACE kit procedures (Invitrogen, Carlsbad, CA). Taq DNA polymerase (Invitrogen) 
was used for subsequent PCR amplification.  PCR conditions:  1.  Incubate at 94°C 
for 1 min.  2.  Incubate at 94°C for 30 sec.  3.  Incubate at 60-65°C for 1 min.  4.  
Incubate at 72°C.  5.  Cycle to step 2 thirty more times.  6.  Incubate at 2 min. for 
final extension.  5’ and 5’ nested forward primers were provided by RACE kit; 
reverse primer B sequence:  5’-CAAGCTCAGCCTGAAACAGCCTGGAA-3 and 
reverse primer C sequence:  5’-GCCCAGCCTTTTCCCACTCCA-3’.  The 3’ and 3’ 
nested forward primers were also provided by RACE kit; forward primer D sequence:  
5’-CCGCCGGTTGCTCACGAAGC-3’, forward primer G sequence:  5-
GCCGGTGCTTGTGCTTCCGC-3’, forward primer Q sequence:  5’-
CCTGCCTTGAAGTGCGCTGAGCTG-3’.  The resulting PCR fragments were 
analyzed by electrophoresis in 1% agarose gels; DNA from gel was excised and 
purified (QIAquick® Gel Extraction Kit) following manufacturer protocol.  DNA was 
sequenced at the Iowa State University DNA sequencing facility using Applied 
Biosystems 3730xl DNA Analyzer.      
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PCR Analysis and Assembly of Recombinant Molecules 
cDNAs were PCR amplified using Platinum Pfx™ Taq polymerase (Invitrogen, CITE) 
and PCR program:  1. Incubate at 94°C for 2 min.  2. Incubate at 94°C for 15 sec.  3. 
Incubate at appropriate annealing temperature for 30 sec.  4. Incubate at 68°C.  5.  
Cycle to step 2 thirty-four more times.  6.  Incubate for final extension for 1 min. 40 
sec.  Arabidopsis BIO2 cDNA was amplified from Arabidopsis Biological Resource 
Center (ABRC) clone U82556 with forward primer 5’-CACCATGATGCTTGTTCGAT-
3’; Tm:  58°C and reverse primer 5’-GGCCTTAGTGAGAAGCGG-3’; Tm:  58°C.  
Arabidopsis AtBioF (BIO4) cDNA was amplified from ABRC clone U85335 with 
forward primer 5’-CACCATGGGACCTAAGGGT-3’; Tm:  60°C and reverse primer 
5’-GGCCTTATAATTTGGGAAATAGA-3’; Tm:  62°C.  Both BIO3/BIO1 (-
10)/pDEST17 and BIO3/BIO1 (+10)/pDEST17 constructs were previously provided 
(Chen et al., 2006).  Putative BIO1 cDNAs were amplified using BIO3/BIO1 (-
10)/pDEST17 construct as DNA template; all genes were amplified with reverse 
primer 5’-TCATGTTCTATTGAATTCTCCGA-3’; Tm:  47°C.  BIO1 FW1 gene was 
amplified using forward primer 5’-CACCATGGTGTTAGCTAATTTGGA-3’; Tm:  
47°C.  BIO1 FW2 gene was amplified with forward primer 5’-
CACCATGGCTAAGCTAGCAGGA-3’; Tm=46°C.  BIO1 FW3 gene was amplified 
with forward primer 5’-CACCATGGGTTACACTGCTGC; Tm:  46°C.  BIO1 FW4 
gene was amplified with forward primer 5’-CACCATGTTCCCTGAGAATGTA-3’; Tm:  
47°C.  The PCR products were cloned into pENTR vector (Invitrogen) and 
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sequenced.  Correct pENTR inserts were recombined to pDEST17 vector using 
Gateway Technology as illustrated by manufacturer (Invitrogen).   
Overexpression of Recombinant BIO Genes in E. coli 
All four annotated BIO gene constructs and the four putative single BIO constructs 
were individually transformed into E. coli BL21-C41 chemically competent cells 
concurrently with the CAC1B/pCDFDuet construct at a concentration of 15 ng per 
DNA construct per 50 !l competent cells.  Positive transformants were expressed in 
Luria-Bertani (LB) broth with 100 !g/ml ampicillin and 50 !g/ml streptomycin at 30°C 
and were harvested following manufacturer protocol (Lucigen, Middleton, WI).    
Bacterial Auxotroph Materials and Growth Conditions  
E. coli biotin auxotrophs used for genetic complementation studies were obtained 
from Dr. Thomas Bobik (Iowa State University, Ames, IA); original mutant stocks 
were from the Keio Collection (Japan) (Datsenko and Wanner, 2000).  The E. coli 
bioA- mutant is strain JW0757; bioB- mutant, strain JW0758; bioF- mutant, strain 
JW0759, and bioD- mutant, strain JW0761.  The wild-type parental strain was also 
used: BW25113.  In order to ensure biotin auxotrophy, mutants were cultured in LB 
medium containing 50 !g/ml kanamycin and then plated on M9 minimal medium 
containing 0.5 !g/ml avidin.  Mutants could also be rescued with solid M9 minimal 
medium (Sambrook et al., 1989) containing 0.5 !g/ml avidin and 0.1mM biotin.     
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Genetic Complementation of E. coli bio Mutants 
E. coli biotin auxotrophs were lysogenized according to Novagen protocol with 
"DE3, which carries the T7 RNA polymerase gene under the transcriptional control 
of the IPTG-inducible lac-promoter.  Mutant cells were made chemically competent 
(using 0.1 MgCl2, 0.1M CaCl2 treatment).  BIO gene constructs as well as an empty 
pDEST17 vector were individually transformed with 15 ng construct DNA per 10!l 
competent E. coli mutant cells.  Transformants were grown to an OD600 of 0.6 in LB 
broth containing 100 !g/ml ampicillin and 50 !g/ml kanamycin and were streaked on 
solid M9 minimal media containing 0.01mM IPTG and 0.5 !g/ml avidin and 
incubated at 30°C for three days.  This medium was biotin-depleted by the addition 
of avidin. 
Protein Extraction and Western Blot Analysis 
E. coli protein extracts were prepared by suspending cell pellets in a buffer 
consisting of 0.4% 0.5M Tris-HCl pH 6.8, 5% SDS, 38.6 mg/ml dithiothreitol (DTT), 
0.25% glycerol, pinch bromophenol blue and the suspension was then boiled for 5 
minutes.  Protein extracts were subjected to SDS-PAGE (BioRad, Hercules, CA) 
electrophoresis through 10-20% polyacylamide gels and subjected to western 
blotting.  Anti-His primary antibody (Novagen) was diluted to a concentration of 
1:10,000 in 5% milk and 1X Tris-buffered saline with 0.1% Tween-20 (TBST); 
secondary antibody goat anti-mouse horseradish peroxidase (HRP) (BioRad) was 
diluted to 1:3000 in 5% milk-TBST.  Streptavidin western blotting was achieved by 
1:5000 Streptavidin-HRP (GE Healthcare Life-Sciences Corporation) in 5% bovine 
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serum albumin (BSA)-TBST buffer (USB Corporation, Cleveland, OH).  Proteins 
were detected using chemiluminescence (ECL detection reagent, GE Healthcare 
Bio-Sciences Corporation, Piscataway, NJ).   
Protein-band intensities were quantified using Microsoft Windows TotalLabTL100 
software ("Nonlinear Dynamics Ltd, 2006).  Intensities were compared to a 
standard curve comprised of serial BIO2 and CAC1B sample protein dilutions:  1x, 
2x, 5x, 10x, 20x, 50x, 75X, 100X.  Band intensity was quantified of western blots 
using CL-XPosure x-ray film (Thermo Fisher Scientific, Rockford, IL) exposure after 
30 sec., 1 min., 5 min., 10 min., 25 min., and 50 min.  
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Figure 1.  The biotin biosynthetic pathway (adapted from Chen et al., 2006) is shown above.  
The bacterial biosynthetic proteins are homologous to the Arabidopsis enzymes.  The 
bifunctional Arabidopsis BIO3/BIO1 (-10) protein has DAPA aminotransferase and 
dethiobiotin synthetase activity.  It is unclear if a single BIO1 protein also catalyzed the 
DAPA aminotransferase reaction.   
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Figure 2.  Arrows indicate the location of RACE primers and proposed transcripts resulting 
from BIO3/BIO1 bifunctional locus (TAIR annotated At5g576590 and At5g57600).  This 
figure also where the placement of primers would align on putative monfunctional BIO3 or 
monofunctional BIO1 transcripts.   
 
 
 
 
 
 
 
 
 
40 
 
 
 
 
 
 
 
Figure 3:  The annotated chimeric Arabidopsis BIO3/BIO1 (-10) amino acid sequence is shown  
aligned to the E.coli BioA protein sequence.  The red squares indicate the region of the full-length 
BIO3/BIO1 where the methionine for the putative BIO1 proteins with only activity of DAPA 
aminotransferase is located.  
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Figure 4.  This image shows the genetic complementation of the E. coli bioA- mutant.  The 
complementation in section A is the BIO3/BIO1 (-10)/pDEST 17 construct indicating its 
DAPA aminotransferase activity.  Section B is the BIO1 FW1/pDEST17 construct; section C 
is the transformation with BIO1 FW2/pDEST17; D is the bioA- mutant transformed with BIO1 
FW3/pDEST17 construct; E is transformation with the BIO1 FW4/pDEST17 construct; F 
illustrates the E. coli bioA- transformed with the empty pDEST17 vector alone.
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Figure 5.  The functional complementation of the E. coli bioF- mutant with the Arabidopsis 
BIO4/pDEST17 construct is shown above.  A illustrates the WT parental strain transformed 
with empty pDEST17 vector that can grow in the absence of biotin; B is the E. coli bioF- 
mutant transformed with empty pDEST17 that cannot grow on minimal medium bound with 
avidin; C is the complementation of the E. coli bioF- mutant transformed with the Arabidopsis 
BIO4/pDEST17 construct and induced with IPTG. 
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Figure 6.  The functional complementation of the E. coli bioD- mutant with both the 
Arabidopsis BIO3/BIO1 (-10)/pDEST17 construct (A) and also the BIO3/BIO1 
(+10)/pDEST17 construct (B) is shown above.  Both A.1 and B.1 illustrate the WT parental 
strain transformed with empty pDEST17 vector that can grow in the absence of biotin; A.2 
and B.2 indicate the E. coli bioD- mutant transformed with empty pDEST17 that cannot grow 
on minimal medium bound with avidin; sections C.1 and C.2 show the complementation of 
the E. coli bioD- mutant transformed with the Arabidopsis BIO3/BIO1 (-10)/pDEST17 
construct and the BIO3/BIO1 (+10)/pDEST17 construct with IPTG.  
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Figure 7.  The functional complementation of the E. coli bioB- mutant with the Arabidopsis 
BIO2/pDEST17 construct is shown above. A is the E. coli bioB- mutant transformed with 
empty pDEST17 that cannot grow on minimal medium bound with avidin; B is the 
complementation of the E. coli bioB- mutant transformed with the Arabidopsis 
BIO2/pDEST17 construct and induced with IPTG, and C illustrates the WT parental strain 
transformed with empty pDEST17 vector that can grow in the absence of biotin.
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Figure 8.  (A) The image above illustrates expression of Arabidopsis biotin biosynthetic 
proteins concurrently with ACCase biotin carboxyl carrier protein (migrating at 25 kD).  
Proteins are detected with Anti-His antibody after a 20 hour expression at 30°C; exposure of 
autoradiograph is 30 seconds.  Lane 1 is MW standard (BioRad).  Lane 2 shows the 
expression of Arabidopsis BIO2 protein and CAC1B.  Lane 3:  Arabidopsis BIO4 protein and 
CAC1B.  Lane 4:  bifunctional BIO3/BIO1 (-10) (not shown at this exposure time) and 
CAC1B; Lane 5: BIO3/BIO1 (+10) (not shown at this exposure time) and CAC1B, Lane 6:  
putative single BIO1 protein (BIO1 FW1) and CAC1B; Lane 7:  BIO1 FW2 and CAC1B; 
Lane 8:  BIO1 FW3 and CAC1B; Lane 9: BIO1 FW4 and CAC1B, Lane 10:  empty 
pDEST17 vector and CAC1B  
(B) Lane 4 illustrates the BIO3/BIO1 (-10) protein and CAC1B expression detected with anti-
His antibody after a 50 min.; Lane 5 shows the BIO3/BIO1 (+10) protein expressed with the 
CAC1B protein detected with anti-His antibody after a 25 min. autoradiograph exposure. 
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Figure 9.  The Streptavidin-HRP immunodetection above indicates the degree of CAC1B 
biotinylation as a result of Arabidopsis BIO gene expression 20 hours post-induction at 
30°C; autoradiograph exposure time is 25 min.  The intensity of chemilluminescent signal of 
the CAC1B band was recorded and used as a measure of biotin concentration.  Lane 1 
shows the CAC1B biotinylation as a result of Arabidopsis BIO2 expression; Lane 2: 
biotinylation as a result of BIO4 expression; Lane 3: biotinylation due to BIO3/BIO1 (-10) 
expression; Lane 4: biotinylation as a result of BIO3/BIO1 (+10) expression; Lane5:  
biotinylation as a result of BIO1 FW1 expression; Lane 6:  biotinylation due to BIO1 FW2 
expression; Lane 7:  biotinylation due to BIO1 FW3 expression; Lane 8:  biotinylation from 
BIO1 FW4 expression; Lane 9:  biotinylation of CAC1B due to wild-type E. coli biotin 
biosynthetic proteins.     
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Figure 10.   The graph above shows the effect that Arabidopsis BIO4 overexpression has 
on biotin concentration in the E. coli cell relative to the wild-type biotin biosynthetic enzymes.  
It is unclear from the data points beyond 2 hours what the pattern in biotin concentration is 
as a result of BIO4 enzyme expression.  Samples were collected in biological replicates.  
Actual values are shown in Appendix Table A-1.   
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Figure 11.   The graph above shows the relative biotin concentration as the relative 
concentration of the bifunctional Arabidopsis BIO3/BIO1 (-10) changes over time.  Actual 
protein accumulation and biotinylation values are shown in Appendix Table A-2.    
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Figure 12.   The graph above shows the relative biotinylation concentration as the relative 
concentration of the Arabidopsis BIO3/BIO1 (+10) encoding dethiobiotin synthetase 
changes over time.  Actual protein accumulation and biotinylation values are shown in 
Appendix Table A-3.   
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Figure 13.  This graph illustrates the biotin concentration produced in relation to Arabidopsis 
BIO2 expression over time.  Actual protein accumulation and biotinylation values are shown 
in Appendix Table A-4.  
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Figure 14.  The two graphs above indicate the change in biotin concentration in E. coli as 
the BIO1 FW1 and BIO1 FW2 putative proteins are expressed over time.  Actual values for 
protein accumulation and corresponding biotinylation are shown in Appendix Table A-5 and 
Table A-6, respectively.   
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Figure 15. The two graphs above indicate the change in biotin concentration in E. coli as 
the BIO1 FW3 and BIO1 FW4 putative proteins are expressed over time. Actual values for 
protein accumulation and corresponding biotinylation are shown in Appendix Table A-7 and 
Table A-8, respectively.    
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Table 1.  The known molecular weight of the annotated bifunctional BIO3/BIO1 (-10) protein 
and the predicted molecular weights of the putative monofunctional BIO1 proteins are listed 
below.  
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Table 2.  The table below indicates the constructs that were cloned and the cell lines that 
were transformed for both the complementation and the metabolic control analysis 
experiments.  
 
!
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Table 3.  Below is an excerpt (find full data set in Appendix) from the metabolic control data 
set showing the quantitative measurements and conversions taken of BCCP biotinylation.  
The BIO Protein Sample column indicates the BIO3/BIO1 (-10) enzyme expression (with 
time of sample collection post-induction and its replicate number), and its corresponding 
effect on biotinylation (measured by the Streptavidin intensity).  The ‘Autoradiograph 
Exposure’ shows the time that the autoradiograph film was exposed to the 
chemiluminescent signal.  The Streptavidin intensity was divided by the sample Volume 
loaded in the SDS-PAGE well.  This value was multiplied by the Dilution factor of the 
sample.  The adjusted value was normalized to its actual quantified protein concentration 
and was represented as Biotin Accumulation in the cell.  This value was Normalized to 
the concentration of CAC1B accumulation upon expression with empty pDEST17. 
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CHAPTER 3:  GENERAL CONCLUSIONS 
This investigation probes the characteristics of the biotin biosynthetic pathway in 
Arabidopsis.  The biotin biosynthetic pathway is a four step, compartmentalized 
enzymatic reaction in plants.   This study aimed to further identify a bifunctional 
locus (BIO3/BIO1) in Arabidopsis.  This locus is capable of producing two proteins 
(BIO3/BIO1 -10) and (BIO3/BIO1 +10).  The bifunctional BIO3/BIO1 (-10) protein 
has functional activity of DAPA aminotransferase and dethiobiotin synthetase, 
whereas the BIO3BIO1 (+10) protein has activity of only dethiobiotin synthetase.  
RACE experiments did not identify single BIO1 transcripts coming from this locus.  In 
addition, four putative single BIO1 proteins were not able to functionally complement 
the E. coli bioA- mutant, indicating that they do not have DAPA aminotransferase 
activity.  The metabolic control of all the biotin biosynthetic enzymes was analyzed 
by using E. coli as a heterologous expression host.  The individual BIO4, BIO2, 
BIO3/BIO1 -10, BIO3/BIO1 +10, and four putative single BIO1 proteins were all 
expressed concurrently with the BCCP2 of heteromeric ACCase.  Degree of 
biotinylation was quantified as a measure of Arabidopsis enzyme affect on the 
pathway.  Further data and analysis must be conducted before the picture of 
enzyme control is clear.  The bifunctional BIO3/BIO1 (-10) protein may have a 
catalytic advantage over single BIO3 and BIO1 proteins, and for this reason the 
crystal structure of the enzyme will be studied.  A bifunctional protein derived from a 
chimeric locus is rare in plants, and the production of it may confer an evolutionary 
advantage over monofunctional biotin biosynthetic enzymes. 
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Table A-1.  The table below shows the calculated values of BIO4 accumulation and the resultant biotin accumulation in over-
expression lines.  Part A indicates the relative BIO4 protein accumulation as detected by anti-his antibody.  Initial band intensities 
were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  
BIO4 protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as represented by streptavidin 
intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and 
the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells containing empty 
pDEST17 vector and CAC1B.  Biotin accumulation is relative.  For analysis of metabolic control, the biotinylation value 
“Normalized to CAC1B” was plotted against ‘BIO Protein Accumulation’.   
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Table A-2. The table below shows the calculated values of BIO3/BIO1 (-10) accumulation and the resultant biotin accumulation in 
over-expression lines.  Part A indicates the relative BIO3/BIO1 (-10) protein accumulation as detected by anti-his antibody.  Initial 
band intensities were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution 
of the sample.  BIO3/BIO1 (-10) protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as 
represented by streptavidin intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume 
loaded on to SDS-PAGE, and the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells 
containing empty pDEST17 vector and CAC1B.  Biotin accumulation is relative. For analysis of metabolic control, the biotinylation 
value “Normalized to CAC1B” was plotted against ‘BIO Protein Accumulation’.       
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Table A-3.  The table below shows the calculated values of BIO3/BIO1 (+10) accumulation and the resultant biotin accumulation in 
over-expression lines.  Part A indicates the relative BIO3/BIO1 (+10) protein accumulation as detected by anti-his antibody.  Values of 
zero indicate that no band was detected.  Initial band intensities were adjusted according to autoradiograph exposure time, sample 
volume loaded on to SDS-PAGE, and the dilution of the sample.  BIO3/BIO1 (+10) protein accumulation is relative.  Part B illustrates 
the corresponding biotin accumulation as represented by streptavidin intensity.  Band intensities were adjusted according to 
autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  Biotinylation values were 
normalized to the biotin accumulation of cells containing empty pDEST17 vector and CAC1B.  Biotin accumulation is relative. For 
analysis of metabolic control, the biotinylation value “Normalized to CAC1B” was plotted against ‘BIO Protein Accumulation’.   
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Table A-4.  The table below shows the calculated values of BIO2 accumulation and the resultant biotin accumulation in over-
expression lines.  Part A indicates the relative BIO2 protein accumulation as detected by anti-his antibody.  Initial band intensities 
were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  
BIO2 protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as represented by streptavidin 
intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and 
the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells containing empty pDEST17 vector 
and CAC1B.  Biotin accumulation is relative. For analysis of metabolic control, the biotinylation value “Normalized to CAC1B” was 
plotted against ‘BIO Protein Accumulation’.     
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Table A-5.  The table below shows the calculated values of BIO1FW1 accumulation and the resultant biotin accumulation in over-
expression lines.  Part A indicates the relative BIO1FW1 protein accumulation as detected by anti-his antibody.  Initial band intensities 
were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  
BIO1FW1 protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as represented by streptavidin 
intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and 
the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells containing empty pDEST17 vector 
and CAC1B.  Biotin accumulation is relative.   
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Table A-6.  The table below shows the calculated values of BIO1FW2 accumulation and the resultant biotin accumulation in over-
expression lines.  Part A indicates the relative BIO1FW2 protein accumulation as detected by anti-his antibody.  Initial band intensities 
were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  
BIO1FW2 protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as represented by streptavidin 
intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and 
the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells containing empty pDEST17 vector 
and CAC1B.  Biotin accumulation is relative.   
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Table A-7.  The table below shows the calculated values of BIO1FW3 accumulation and the resultant biotin accumulation in over-
expression lines.  Part A indicates the relative BIO1FW3 protein accumulation as detected by anti-his antibody.  Initial band intensities 
were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  
BIO1FW3 protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as represented by streptavidin 
intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and 
the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells containing empty pDEST17 vector 
and CAC1B.  Biotin accumulation is relative.   
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Table A-8.  The table below shows the calculated values of BIO1FW4 accumulation and the resultant biotin accumulation in over-
expression lines.  Part A indicates the relative BIO1FW4 protein accumulation as detected by anti-his antibody.  Initial band intensities 
were adjusted according to autoradiograph exposure time, sample volume loaded on to SDS-PAGE, and the dilution of the sample.  
BIO1FW4 protein accumulation is relative.  Part B illustrates the corresponding biotin accumulation as represented by streptavidin 
intensity.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on to SDS-PAGE, and 
the dilution of the sample.  Biotinylation values were normalized to the biotin accumulation of cells containing empty pDEST17 vector 
and CAC1B.  Biotin accumulation is relative.   
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Table A-9.  The table below shows the corresponding biotin accumulation as represented by streptavidin intensity for empty pDEST17 
vector expressed with CAC1B.  Band intensities were adjusted according to autoradiograph time exposure, sample volume loaded on 
to SDS-PAGE, and the dilution of the sample.  These values for relative biotin accumulation were used to normalize biotin expression 
of the other biotin pathway enzymes.   
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